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Abstract
A model partial-reuse system is described that provides an alternative to salmonid production
in serial-reuse raceway systems and has potential application in other fish-culture situations. The
partial-reuse system contained three 10 m3 circular ‘Cornell-type’ dual-drain culture tanks. The
side-wall discharge from the culture tanks was treated across a microscreen drum filter, then the
water was pumped to the head of the system where dissolved carbon dioxide (CO2) stripping and pure
oxygen (O2) supplementation took place before the water returned to the culture tanks. Dilution with
make-up water controlled accumulations of total ammonia nitrogen (TAN). An automatic pH control
system that modulated the stripping column fan ‘on’ and ‘off’ was used to limit the fractions of CO2
and unionized ammonia nitrogen (NH3–N). The partial-reuse system was evaluated during the culture
of eight separate cohorts of advanced fingerlings, i.e., Arctic char, rainbow trout, and an all female
brook trout × Arctic char hybrid. The fish performed well, even under intensive conditions, which
were indicated by dissolved O2 consumption across the culture tank that went as high as 13 mg/L and
fish-culture densities that were often between 100 and 148 kg/m3. Over all cohorts, feed conversion
rates ranged from 1.0 to 1.3, specific growth rates (SGR) ranged from 1.32 to 2.45% body weight
per day, and thermal growth coefficients ranged from 0.00132 to 0.00218. The partial-reuse system
maintained safe water quality in all cases except for the first cohort—when the stripping column
fan failed. The ‘Cornell-type’ dual-drain tank was found to rapidly (within only 1–2 min) and gently
concentrate and flush approximately 68–88% (79% overall average) of the TSS produced daily within
only 12–18% of the tank’s total water flow. Mean TSS concentrations discharged through the three
culture tanks’ bottom-center drains (average of 17.1 mg/L) was 8.7 times greater than the TSS con-
centration discharged through the three culture tanks’ side-wall drains (average of 2.2 mg/L). Overall,
approximately 82% of the TSS produced in the partial-reuse system was captured in an off-line settling
tank, which is better TSS removal than others have estimated for serial-reuse systems (approximately
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25–50%). For the two cohorts of rainbow trout, the partial-reuse system sustained a production level
of 35–45 kg per year of fish for every 1 L/min of make-up water, which is approximately six to seven
times greater than the typical 6 kg per year of trout produced for every 1 L/min of water in Idaho
serial-reuse raceway systems.
© 2004 Elsevier B.V.
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1. Introduction
Traditionally, coldwater species have been cultured in raceways that take advantage of
large water supplies in locations where space is limited, as in the Idaho Snake River valley
and the mountains of North Carolina. Making the most of a large water resource, water is of-
ten serially reused as it flows by gravity from raceway to raceway that are stair-stepped down
a hillside. However, water quality deteriorates as it moves from one raceway to the next.
Dissolved and particulate wastes accumulate in the water column. Settleable particulates
accumulate along the raceway bottoms and within the quiescent zones at the end of each
raceway. Capture of particulate wastes is relatively inefficient in a raceway system—due
to the length of time the solids are within the raceways and the relatively low concentra-
tions involved—with a net capture efficiency of only 25–51% of the total suspended solids
(TSS) produced (Mudrak, 1981). In addition, managing particulate wastes within raceway
systems and their quiescent zones can account for 25% of farm labor (IDEQ, 1998). More
stringent water pollution control and water use permitting, as well as limited availability
of large high-quality water resources, have recently increased interest in alternate fish cul-
ture system designs that can economically sustain, or even increase, fish production levels
using less water and achieving better waste capture efficiencies. To this end, we designed
and evaluated a partial-reuse system capable of supporting high production densities and
significantly better overall particulate waste capture efficiencies, all on ≤20% of the flow
typically required within a flow-through raceway culture system.
A partial-reuse system settles or filters particles from the flow exiting the culture tanks
before pumping 80% or more of the flow back to the head of the system where dissolved
carbon dioxide (CO2) stripping and pure oxygen (O2) supplementation take place before the
water is reused. A partial-reuse system includes one or more culture tanks that are plumbed
so that the reused water flow passes through the tanks in parallel, rather than in series as
with traditional raceways. Circular tanks can have distinct advantages over raceways and
earthen ponds when applied to partial-reuse systems, because the water injected into each
circular tank will completely mix to create uniform water quality throughout the tank, e.g.,
eliminating large profiles in dissolved O2 that would occur in plug flow culture vessels.
Also, water rotational velocities can be adjusted (by adjusting the orientation and nozzle
size at the water inlet to the circular tank) to create more optimum levels for fish health and
solids flushing (Skybakmoen, 1989; Tvinnereim and Skybakmoen, 1989; Timmons et al.,
1998). Circular tanks can self clean as they rapidly concentrate and flush settleable solids
through their bottom-center drain due to the ‘tea-cup’ solids transport mechanism produced
by the primary rotating flow about the tank’s central axis. Circular fish-culture tanks can
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also be converted into a “swirl” separator where concentrated solids are removed within a
relatively small flow stream leaving their bottom-drawing center drain while the majority of
flow is discharged with relatively fewer solids through an elevated drain located in the center
of the tank (Mäkinen et al., 1988; Eikebrokk and Ulgenes, 1993; Skybakmoen, 1993; Lunde
et al., 1997; Twarowska et al., 1997) or an elevated drain located at the perimeter of the
tank, i.e., a ‘Cornell-type’ dual-drain culture tank (Timmons et al., 1998; Summerfelt et al.,
2000, 2004; Davidson and Summerfelt, in press). Therefore, removing solids from circular
tanks using a dual-drain system can potentially improve the economics and efficiency of
solids removal, both within the fish water column and from the effluents of flow-through
and water-reuse systems.
This paper describes a partial-reuse system that was designed and installed at the CFFI’s
facilities near Shepherdstown, West Virginia, USA. This paper also describes the water
quality, waste capture efficiency, and stock performance during the culture of eight se-
quential cohorts of advanced fingerling Arctic char and rainbow trout. Additionally, this
paper provides estimates of the system’s fixed cost, the electrical power cost per kg of fish
produced, and labor requirements to clean and maintain the model partial-reuse system.
However, this paper does not attempt to address the economics of partial-reuse systems,
which is beyond the scope of this work.
2. Materials and methods
2.1. Partial-reuse system
The CFFI’s partial-reuse system (Fig. 1) contains three circular ‘Cornell-type’ dual-drain
culture tanks (plumbed in parallel), a drum filter, a pump sump, three pumps (plumbed in
parallel), a cascade aeration column, a low head oxygenation unit, and a sump tank to support
the low head oxygenation unit (LHO) and provide the water head to drive the water flow back
into the culture tanks. This system does not include a biofilter. A pump control system, an
O2 control system, and a pH control system were also included. Details of each component
are provided below. The fixed cost of the model partial-reuse system are shown in Table 1.
2.1.1. Culture tanks
The three 3.66 m (12 ft) i.d. × 1.10 m (3.5 ft) deep circular ‘Cornell-type’ dual-drain
culture tanks (Fig. 2) were custom fabricated out of fiberglass reinforced plastic (FRP).
The three circular culture tanks were operated at depths of 0.76–0.91 m to produce a water
volume in each culture tank of 6.4–9.6 m3. The culture tank water volume was exchanged
approximately once every 15–26 min by a total system flow of 1100–1900 L/min. These
culture tank hydraulic exchange rates were critical for rapidly flushing waste metabolites
and delivering dissolved O2 to the fish.
Water was injected into the culture tanks through seven 3.2 cm (1–0.25 in.) inside diameter
nozzles located on the culture tank’s side-wall. Water injection nozzles were adjusted to pro-
vide relatively uniform water mixing and mean water velocities of 15–20 cm/s (0.5–0.7 ft/s)
at the perimeter of the culture tank, which was in the 0.5–2.0 body length per second (bd/s)
velocity range that is considered optimum for salmonids (Davison, 1997).
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Fig. 1. The partial-recirculating system at the Freshwater Institute serves as a nursery to grow Arctic char or rainbow trout fingerlings from 15 to over 150 g (from
Summerfelt et al., 2001). The units are defined according to the following: (1) 3.7 m Ø × 1.1 m culture tank; (2) drum filter; (3) 1.8 m Ø × 1.2 m pump sump; (4) three
1.5 hp reuse pumps; (5) header tank (with cone bottom to improve cleaning); (6) LHO; (7) carbon dioxide stipping column (with cone bottom to improve cleaning); (8)
fan; (9) triple standpipe sump (to direct bottom flow and observation of waste feed); (10) “Cornell-type” side-wall drain. The CAD drafting was provided by PRAqua
Technologies Ltd. (Nanaimo, British Columbia).
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Table 1
The itemized fixed cost of the partial-reuse system, including installation costs (US$ in 1999)
Item Quantity Unit cost (US$) Total cost (US$)
10 m3 FRP dual-drain culture tank 3 2,600 7,800
Custom FRP triple standpipe sump 3 540 1,620
Custom FRP pump sump 1 2,560 2,560
Custom FRP LHO sump 1 2,840 2,840
Custom FRP aeration column w/vented lid 1 3,850 3,850
Freight for all FRP pieces 1 2,300 2,300
Custom angle slotted center drain cover 3 425 1,275
Fan for aeration column 1 210 210
Rotary spray nozzle for aeration column 1 200 200
Packing for aeration column 1 200 200
7.6 cm screened foot valve for pump intake 3 180 540
10 cm float valve regulating flow into pump tank 1 770 770
LHO unit 1 1,005 1,005
1.5 hp centrifugal recirculation pump 3 870 2,610
Controller for three recirculation pumps 1 1,700 1,700
Drum filter and backwash controls 1 8,310 8,310
Galvanized steel drum filter support stand 1 800 800
Pressure backwash pump 1 600 600
Freight for LHO, pumps, and drum filter 1 330 330
Micro-bubble oxygen diffusers (two per culture tank) 6 230 1,380
Four-channel oxygen controller with relays and
four solenoid valves
1 4,650 4,650
Rotameter and pressure gauge for oxygen control panels 4 250 1,000
Oxygen supply piping 1 1,500 1,500
Ph controller and pH probe 1 1,430 1,430
Auto-dialing alarm system 1 500 500
Fish feeder and feed controller 3 1,400 4,200
PVC piping and valving (itemized estimate) 1 13,400 13,400
Partial-reuse system installation (itemized estimate) 1 14,500 14,500
Galvanized steel bar grating and support beams
for 12.8 m × 6.1 m culture tank support
platform, includes delivery and stanchions for
feeder supports and railing about perimeter of
platform
1 16,200 16,200
Platform installation 1 4,500 4,500
Total cost 102,780
The water flow rate discharged through the bottom-center drain of each culture tank,
which amounted to approximately 12–18% of the culture tank’s total water flow, was set by
the difference in height between the 5 cm diameter (nominal pipe size) external stand-pipe
on the bottom drain outlet when compared to the water surface level within the culture tank.
The surface water level in the culture tank was controlled by the 15 cm diameter (nominal
pipe size) stand-pipe located in the side-wall drain box of each tank. The water flow exiting
the bottom drain did not return to the partial-reuse system.
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Fig. 2. The ‘Cornell-type’ dual-drain tanks used in the CFFI’s partial-reuse system (from Summerfelt et al., 2001).
The CAD drafting was provided by Red Ewald Inc. (Karnes City, TX).
2.1.2. Microscreen drum filter
The water flowing out of the ‘Cornell-type’ side-wall drains, which was 82–88% of
the culture tank’s total water flow, was piped to a microscreen drum filter (Model RFM
3236, PRA Manufacturing Ltd., Nanaimo, British Columbia, Canada). The drum filter was
installed with sieve panels containing 90m openings.
2.1.3. Pump sump
Treated water leaving the drum filter was collected in a 1.83 m (72 in.) diameter FRP pump
sump (Fig. 3) with 1.22 m (48 in.) side-walls and was operated at a depth of 0.71 m (28 in.).
Water entered the pump sump tangentially (Fig. 3), creating a primary rotating flow in the
sump that moved any settleable solids (e.g., solids produced from sloughed microbiological
re-growth on pipe and sump surfaces after the drum filter) to the bottom and center of the
sump. The sump overflow was connected to a pipe that ran to the bottom-center of the sump
so that it would draw up and flush the settled solids that were moved to the center of the
sump (Fig. 3). The pump sump overflow elevation was controlled with a 20 cm diameter
(nominal pipe size) external stand-pipe. This stand-pipe provided a 0.64 m weir length,
which was sufficient weir length to prevent pump sump water levels from rising to a point
where they would back up into the drum filter and overflow in the backwash drain when the
recirculating pumps were shut down.
The pump sump was designed to be relatively small and self-cleaning, which enabled
solids that were brushed from walls each week to be flushed from the sump’s over-flow
drain. The hydraulic loading on the sump was approximately of 0.6 m3/(s m2 plan area)
(15 gpm/ft2). The pump sump contained 1.9 m3 of water volume, which was not quite
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Fig. 3. The 1.83 m diameter by 1.22 m tall pump sump was installed with two parallel 20 cm (8 in.) diameter
tangential inlets—one for use during normal operation and one for use when by-passing the drum filter—and a
20 cm (8 in.) diameter overflow pipe that connects from just above the bottom-center of the tank to an external
stand-pipe.
enough water storage capacity to meet the 1.2–1.5 m3 water volume capacity required to shift
the system from inactive (pumps not operating) to active (pumps operating)—assuming all
tanks and treatment vessels were initially filled with water to their overflow level—without
allowing air to be suctioned into the pump intakes as water is drawn out of the pump
sump. However, a 10 cm (4 in.) modulating float valve (Model 106-F-IV, Singer Valve Inc.,
Surrey, British Columbia, Canada) was installed in the pump sump to allow for automatic
and rapid make-up water addition whenever water levels in the pump sump dropped below
overflow levels. The float valve prevented water levels in the pump sump from dropping more
than about 6–15 cm whenever short-term surges in water flow were required. Short-term
surges in water flow occurred when the system was started-up or during weekly routine
cleaning events, i.e., when water from the culture tanks, the LHO sump, or the supply and
drain pipes was rapidly flushed out of the system. Under normal conditions, the pump sump
was operated with a slight overflow.
2.1.4. Recirculating pumps and pump controller
Three 1.5 hp centrifugal pumps (Model B2-1/2TPMS, Berkley Pumps, Delevan, Wis-
consin) were plumbed in parallel to return water to the head of the recirculating sys-
tem, i.e., the top of the cascade aeration column. Typically, two pumps were in opera-
tion and the third was a backup. All three pumps were occasionally used to increase the
culture tank flushing rate when the dissolved O2 demand across a culture tank reached
10 mg/L. A 10 cm diameter (nominal pipe size) swing-flex foot-valve (Sure-Flo Fittings,
Ann Arbor, Michigan) was installed at the intake of each pump to prevent water back-flow
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Fig. 4. Recirculating water pumped into the top of the stripping column first flows by gravity (counter-current to
air) through 1 m of tubular NORPAC, then flows by gravity to the top of a LHO unit, and then cascades down
through the LHO unit and into the sump tank (from Summerfelt et al., 2001). Water gravity flows out the bottom
of the sump tank to the culture tanks and overflows the top of the sump tank to the pump sump.
through an off-line pump. Pumped water was collected in a 15 cm manifold located above
the pumps and this flow was then piped to the top of cascade stripping column (Figs. 1
and 4).
A pump control unit was wired to a float switch located in the pump sump. The pump
controller would turn ‘off’ the pumps if a low water level in the pump sump was detected
and then turn the pumps back ‘on’ when normal water levels returned.
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2.1.5. Cascade stripping column
The 4.9 m (16 ft) tall×1.1 m (3.5 ft) diameter forced-ventilated aeration/stripping column
(Fig. 4) was custom fabricated out of FRP and its cross-sectional area was sized to provide
a hydraulic loading of approximately 2.1 m3/(s m2 plan area) (50 gpm/ft2) at a water flow of
1850 L/min. The water piped into the top of the column was distributed at the column’s center
using a rotary spray nozzle from Tower Tech, Inc. (Oklahoma City, Oklahoma). The column
was packed with 1.0 m lengths of tubular 5 cm (2 in.) diameter NORPAC (NSW, Roanoke,
VA). The tubular NORPAC was oriented vertically within the column and was supported on
a diamond patterned expanded aluminum sheet (McMaster-Carr Supply Company, Dayton,
New Jersey) located just above the outlet channel. A 1/3 hp high-volume fan (Model 7C504,
Grainger, Springfield, Virginia) was mounted on a PVC lid covering the LHO and a duct
was attached to the bottom of this lid to direct the air into the stripping column (Fig. 4).
The fan supplied 15 m3/min (530 ft3/min) of air against a measured backpressure of 2.5 cm
(1 in.) water head when the water flow equaled 1850 L/min. Thus, the fan typically produced
a volumetric air:water ratio of 8:1.
Make-up water was added continuously at the top of the cascade column at a rate of
approximately 14–21% of the total flow passing through the column (and thus the culture
tanks), depending upon cohort feeding levels. Make-up water addition to the stripping
column was manually set with a dedicated valve.
2.1.6. LHO and LHO sump
The water discharged from the aeration column flows by gravity through a channel to
the top of a LHO unit (Fig. 4). The LHO unit (Model MS-LHO-400 gal/min, aluminum
construction, PRA Manufacturing Ltd.) is 0.61 m (2 ft) wide, 0.76 m (2.5 ft) long, and 1.5 m
(5 ft) tall, including the (1 ft) tall flow distribution chamber at the top of the unit. The
LHO was sized to provide a hydraulic loading of approximately 4.0 m3/(s m2 plan area)
(100 gpm/ft2) at a water flow of 1850 L/min. The LHO unit is supported above a custom
FRP cone-bottom sump (Fig. 4). The placement of the LHO creates a gravity drop of 43 cm
(17 in.) from the elevation of the flow distribution plate to the elevation of the water pooled in
the sump below the LHO. The bottom 79 cm (31 in.) of the LHO is normally submerged in the
water contained in the cone-bottom sump (Fig. 4). The cone-bottom sump also doubles as a
head tank to drive the water by gravity back to the culture tanks (Figs. 1 and 4). Under normal
operating conditions, a relatively small amount of water (approximately 1–3%) overflowed
a standpipe built into the side of the cone-bottom sump, which maintained a constant water
level in the LHO sump tank. This water overflow was piped back to the pump sump.
2.1.7. O2 control
An O2 control unit (PT4404T/5RA Monitor with eight channels, Point Four Systems,
Inc., Port Moody, British Columbia, Canada) was installed to provide for staged O2 control,
which is a simple yet effective method to adjust pure O2 usage in an intensive system based
on demand in the culture tank. Four dissolved O2 probes were installed with the O2 control
unit, i.e., one dissolved O2 probe is located at the outlet of each culture tank and one probe
is located to measure the dissolved O2 in the flow before it enters the culture tanks. Under
normal conditions, a rotameter (located on the O2 gas line supplying the LHO) is used
to set the flow of pure O2 gas that is piped into the LHO. The rotatmeter is manually
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adjusted several times per week so that the O2 gas flow into the LHO is sufficient to
maintain approximately 10 mg/L of dissolved O2 within each culture tank. However, if the
dissolved O2 concentration within any of the culture tanks drops below a lower set-point
of 7.2 mg/L (e.g., if fish activity increases during a feeding or if a failure occurred in the
water supply), the O2 control unit is programmed to open a solenoid valve that sends O2 gas
to fine-bubble diffusers located within the culture tank. The O2 controller turns off the O2
supplied to the diffusers when the dissolved O2 concentration in that culture tank exceeds
a high set-point level, e.g.,≥12 mg/L. The O2 control system activates a general alarm that
activates an autodialer (Model 1104, Sensaphone Inc., Aston, PA) to call staff to the site if
ever dissolved O2 concentration drop to≤7.0 mg/L. The O2 control system also supplies O2
gas to the fine-bubble diffusers within all of the culture tanks if water flow is lost, but then
turns off the O2 flow to the diffusers if dissolved O2 levels within the culture tank exceeded
the high set-point level, e.g., ≥12 mg/L. Loss of water flow is detected with a float switch
installed above the LHO distribution plate.
2.1.8. pH control
The pH of the water in the partial-reuse system is controlled by adjusting the amount of
CO2 removed within the cascade aeration column simply by turning the stripping column’s
fan “on” and “off” using a pH controller (P53 pH Analyzer with epoxy differential pH probe,
GLI International, Milwaukee, Wisconsin). pH was monitored only in the culture tank with
the highest feed loading, although feed loading levels were similar in all culture tanks. The
pH set-point, programmed to turn on the fan at a pH of 7.50 and turn off the fan at a pH of
7.55, was determined by the alkalinity and temperature of the make-up water (among other
factors) using the nomographic technique described by Summerfelt et al. (2001).
2.1.9. Pipes and valves
The size and slopes of the pipes within the partial-reuse systems were selected to transport
water at velocities sufficient to prevent sedimentation within the pipes and, yet, at water
velocities that also minimized water head lost. Where water flows by gravity, all pipes
and stand-pipes were sized to produce a water velocity of 0.6–1.0 m/s (2.0–3.3 ft/s) at
the design flow rate. Where water flows by pump motive forces, all pipes were sized to
create a 0.9–1.5 m/s (3–5 ft/s) velocity at the design flow rate. Pipe clean-out points were
also strategically located throughout the system to allow for simple and rapid flushing of
any solids that might accumulate on the pipe surfaces with the ultimate goal to keep the
partial-reuse system “free” from solid deposits. For example, butterfly valves were located
at the end of each pipe-run to allow the pipe-runs to be flushed as part of a weekly cleaning
routine. Pipe runs were also designed so that they could be accessed and brushed out during
the intensive cleaning program that occurs between cohort stocking intervals to further
remove solids deposits and biofilm mat growth within pipes. Also, cleanout points were
designed into the bottom-center of the stripping column, LHO sump, and pump sump so
that accumulations of biosolids could be simply and rapidly flushed from these sumps, as
part of a weekly cleaning routine that required approximately 2–3 h per week of staff time.
Piping was installed to transfer all cleaning flows away from the partial-reuse system, i.e.,
the clean-out piping carried the cleaning flows to the laboratory’s central effluent drum
filter.
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No ball valves were installed in the partial-reuse system, because calcium carbonate scale
formation on pipe and valve surfaces could be a major problem at the CFFI when too much
dissolved CO2 is stripped (which increases the water’s pH and decreases the solubility of
calcium carbonate) due to high levels of hardness in the make-up water. All valves installed
were either PVC butterfly valves or bronze gate valves.
2.2. Lighting
High-bay metal halide lights provided 24 h lighting to the fish-culture area. However,
frequent (e.g., several times per week) brown outs and short-term power outages caused the
metal halides lamps to shut down for 10–20 min as they cooled before restarting. Emergency
incandescent lights were also provided to light the exit areas, water treatment areas, and
culture tank areas to provide light during periods when the metal halide lamps were cooling
off before restarting.
2.3. Fish and feeding
The partial-reuse system was used to rear two cohorts of fingerlings each year. The
system was thoroughly cleaned and disinfected before the next cohort was stocked into
the system in 6-month intervals. During this study, two cohorts of Kamloop strain rainbow
trout, two cohorts of Yukon Gold Nauyuk strain Arctic char, three cohorts of Yukon Gold
Tree River × Nauyuk strain Arctic char, and one cohort of an all female brook trout ×
Arctic char hybrid were stocked into the partial-reuse system. All cohorts of fish stocked
in the partial-reuse system were raised at the CFFI after being purchased as eyed eggs that
were certified specific-pathogen-free. The Kamloop strain rainbow trout were purchased
from Troutlodge Inc. (Sumner, Washington, USA). The Arctic char were purchased from
Icy Waters International, Inc. (White Horse, Yukon, Canada). The all female brook trout×
Arctic char hybrid were purchased from Alleghaneys Fish Farm, Inc. (St. Philemon, Quebec,
Canada). The designations used to distinguish each cohort are comprised of two parts. The
first four numbers indicate the month and year of hatching, while the next three letters are an
abbreviation representing the type of fish (e.g., 0899RBT, 1199NCH, 0500NCH, 1200NTR,
0601NTR, 1101NTR, 0102BCH and 0303RBT; where NTR= Yukon Gold Nauyuk×Tree
River cross Arctic char, NCH= Yukon Gold Nauyuk strain Arctic char, BCH= all female
brook trout × Arctic char hybrid, and RBT = Kamloop strain rainbow trout).
Typically 25,000–43,000 fish were stocked in every cohort, except only 7400 fish were
stocked in the 1101NTR cohort (Table 2). Depending on the cohort, fish were stocked at
an initial mean size of 15–51 g and an initial density of 18–42 kg/m3 (Table 2). Fish were
stocked into one to three culture tanks (depending upon total biomass) and were raised
to a final mean size ranging from 119 to 294 g (Table 2). Maximum densities for each
cohort ranged from 66 to 148 kg/m3 (Table 2 and Fig. 5). To reduce densities, fish were
sometimes moved from the first one or two tanks into the third previously empty tank.
Densities were also reduced by culling (Table 2 and Fig. 5) and by harvesting fish for use
in other applications, e.g., to stock the growout system.
Fish were fed a high-energy commercial salmon or trout growers diet. The majority of the
time fish were fed a 1.5 or 2.0 mm pellet containing 50% protein and 24% fat (Moore-Clark,
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Table 2
Culture conditions, growth, production, and feed conversions for two cohorts of rainbow trout (0899RBT and 0303RBT), five cohorts of Arctic char (1199NCH,
0500NCH, 1200NTR, 0601NTR, 1101NTR), and one cohort of brook trout × Arctic char hybrid (0102BCH)
0899RBT 1199NCH 0500NCH 1200NTR 0601NTR 1101NTR 0101BCH 0303RBT
Fish numbers and size
Fish stocked (#) 36,909 43,444 30,742 26,000 2,5485 7,431 13,992 33,527
Fish mortalities removed (% of initial) 0.9 0.4 2.7 2.7 6.1 0.3 0.002 0.0016
Fish that were culled/other (% of initial) 2.1 3.8 17.6 16.2 26.9 5.0 0.002 23.6
Initial fish size (g) 15.0 15.9 21.5 22.4 16.9 51.5 43.1 18.6
Final fish size (g) 119 154 129 294 226 175 199 103
Culture tank parameters
Mean initial fish density (kg/m3) 34.6 28.8 27.5 24.3 18.0 42.2 36.4 26.0
Mean final fish density (kg/m3) 137 109 85 81 66 107 101 93
Maximum fish density (kg/m3) 148 147 90 113 66 107 101 93
Maximum culture volume utilized (m3) 25.0 25.0 25.0 25.0 28.4 9.5 27.3 28.7
Maximum system biomass (kg) 3,697 3,670 2,248 2,823 1,874 1,016 2,760 2,671
Mean make-up flowrate (L/min) 313 256 217 289 214 NA 288 385
Mean total flow (recirc + make-up) (L/min) 1757 1552 1540 1824 1565 NA 1,678 1,855
Mean flow reused (% of total system flow) 82 84 86 84 86 NA 83 79
Final mean tank inlet dissolved O2 (mg/L) 21.9 19.5 17.7 16.5 15.8 21.0 21.0 21.6
Final mean tank outlet dissolved O2 (mg/L) 8.5 10.6 9.9 9.5 9.8 11.3 11.0 9.8
Final delta dissolved O2 across tank (mg/L) 13.4 8.9 7.8 7.0 6.0 9.7 10.0 11.8
Growth, feed, and production
Mean culture system temperature (◦C) 12.7 13.6 13.2 13.2 12.6 13.8 13.6 13.4
Average time in partial-reuse system (day) 124 161 123 175 197 78 NA 53
Specific growth rate (% body weight per day) 1.63 1.41 1.46 1.46 1.32 1.56 1.46 2.45
Thermal growth coefficient 0.00152 0.00132 0.00141 0.00167 0.00141 0.00173 0.00163 0.00218
Actual system production (kg) 3,736 3,955 2,038 3,414 1,958 745 NA 2,505
Extrapol. annual system production (kg per year) 10,997 8,966 6,048 7,121 3,628 3,485 NA 17,254
Annual production:max biomass (per year) 3.0 2.4 2.7 2.5 1.9 3.4 NA 6.5
Annual production:make-up flow (kg/LPM) 35 35 28 25 17 NA NA 45
Total feed (kg) 4616 4321 2336 4301 2573 755 1,763 2,559
Feed conversion rate (kg feed/kg produced) 1.24 1.09 1.15 1.26 1.31 1.01 1.10 1.02
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Fig. 5. The fish-culture densities for each cohort raised in the partial-reuse systems that increased from fish growth
were at times decreased by increasing culture tank depth and by removing some of the fish from the system.
St. Andrews, New Brunswick, Canada). When the fish were switched to a 2.5 mm pellet, the
formulation was changed to 42–46% protein and 16–19% fat, e.g., 47:19 (Moore-Clark);
46:18 (Ziegler Bros Inc., Gardners, PA); 45:19 (Nelson’s Silver Cup Fish Feed, Murray,
Utah); and 42:16 (Melick Aquafeed Inc., Catawissa, PA). Fish were fed to satiation using
a commercial ultrasonic waste feed controller that was developed by Culture Tools, Inc.
(Monkton, Vermont), as described by Tsukuda et al. (2000), or were fed a ration estimated
by staff observation of feeding behavior and waste feed. Photoperiod was constant and
continuous, so fish were fed 12 times (once every 2 or 3 h) over a 24 h period. Records were
kept on the number of feed bags fed daily to each tank (e.g., 0, 1, or 2 bags per tank per
day) and then these numbers were summed to provide a weekly total feed consumption.
Daily feed ration was changed with fish size. Mean fish size was estimated monthly or
bimonthly by bulk weighing approximately 300 fish from each tank. Feed conversion rates
were calculated from the total mass of feed fed divided by the total mass of fish produced
(including biomass of mortalities and culls). Specific growth rate (SGR), based on the
natural logarithm of body weight, and thermal-unit growth coefficient (TGC), based on
water temperature and on the exponent of one-third of the power of body weight, were
calculated using equations reported by Cho (1992).
Dead fish were removed daily and visibly abnormal fish were culled daily (Table 2).
2.4. Water quality determination
Dissolved O2, pH, temperature and flow probes were used to continuously monitor water
quality and quantity within the system. Dissolved O2 and temperature were monitored
using a PT4 Monitor (as described previously). pH was monitored using GLI International’s
P53 pH analyzer (as described previously). Make-up water and pumped return flows were
monitored using two pipeline mounted Signet Paddlewheel flow meters (USA Bluebook,
Northbrook, Illinois).
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Water samples were collected two to three times weekly from several locations within the
system, to quantify the concentrations of total ammonia nitrogen (TAN), nitrite–nitrogen
(NO2–N), dissolved CO2, pH, alkalinity, and total suspended solids. Samples for total
suspended solids were collected from each of the culture tank’s inlet flows, side-wall outlet
flows, and bottom-center drain outlet flows, as well as from the drum filter outlet flow and the
make-up flow entering the system. Samples for TAN, dissolved CO2, and pH were collected
from the culture tank side-wall discharge, the drum filter discharge, the stripping column
discharge, and the make-up flow entering the system. Samples for alkalinity and NO2–N
were collected from the side-wall discharged from culture tank number 2 and from the
make-up water entering the system. Total suspended solids concentrations were measured
using American Public Health Association (APHA, 1998) method 2540 D, where the residue
of solids captured on a weighed standard glass-fiber filter that has been dried to a constant
weight at 103–105 ◦C. Dissolved CO2 and alkalinity were measured by titration using
APHA (1998) method 4500-CO2 C. TAN and NO2–N concentrations were measured using
the Nessler and diazotization methods, respectively, Hach Chemical Company (Loveland,
Colorado) reagents, and a DR3000 spectrophotometer (Hach Chemical Company).
3. Results and discussion
Fish production within any intensive tank-based system is first limited by the availability
of dissolved O2 (Colt et al., 1991) and sometimes by the density of fish per unit volume of
culture water. If dissolved O2 is not limiting fish production, then the water can be reused
if concentrations of dissolved CO2, NH3–N, NO2–N, and TSS can be controlled at safe
levels.
3.1. Fish growth and production
All eight cohorts were cultured successfully within the partial-reuse system without a
single catastrophic loss of fish. Over the course of culture within the partial-reuse system,
fish densities among the eight separate cohorts increased from an initial 18–42 kg/m3 to a
high of 66–148 kg/m3 (Fig. 5). The partial-reuse system supported a maximum sustained
feed loading of 68 kg per day when stocked with both cohorts of rainbow trout, but only
45–50 kg per day of feed when stocked with the cohorts of pure Arctic char. The Arctic
char would not consume as much feed (per unit body weight of fish) as the rainbow trout.
The difference between rainbow trout and Arctic char feeding rates were also reflected by
differences in growth rates.
In all cases except for the first cohort of rainbow trout, the partial-reuse system maintained
safe water quality even at the maximum concentrations that were recorded for a given cohort
(Table 3), i.e., NH3–N ≤ 0.019 mg/L, CO2 ≤ 23 mg/L, NO2–N ≤ 0.35 mg/L, and TSS
≤ 5.5 mg/L. Even the maximum concentrations of NO2–N encountered were considered
relatively safe due to the culture water’s naturally high concentrations of calcium (e.g.,
87 mg/L) and chloride (e.g., 12 mg/L), which are both known to reduce NO2–N toxicity
(Wedemeyer, 1996). Fish exposed to elevated nitrite levels will have gills that are an unusual
chocolate-brown color (as nitrite has oxidized the iron in hemoglobin), which is why this
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Table 3
Maximum, mean (±standard error), and minimum values for water temperature (Temp), dissolved oxygen (O2), pH, dissolved carbon dioxide (CO2), total
ammonia–nitrogen (TAN), unionized ammonia nitrogen (NH3–N), and nitrite nitrogen (NO2–N) discharged from each culture tank’s side-wall drain for each cohort
cultured within the partial-reuse system
0899KAMRBT 1199NCH 0500NCH 1200NTR 0601NTR 1101NTR 0102BCH 0303RBT
Maximum levels
TAN (mg/L) 3.7 2.4 1.5 1.8 0.7 1.5 2.0 1.8
NH3–N (mg/L) 0.018 0.015 0.012 0.014 0.009 0.013 0.019 0.014
CO2 (mg/L) 40 18 17 20 14 15 18 23
NO2–N (mg/L) 0.45 0.14 0.16 0.29 0.18 0.35 0.15 0.22
pH 7.53 7.75 7.64 7.60 8.04 7.73 7.79 7.68
TSS (mg/L) 5.8 5.5 1.6 2.4 NA 3.5 5.1 5.4
O2 (mg/L) 13.6 11.8 10.9 11.4 11.5 13.7 13.5 12.1
Temp (◦C) 13.2 14.3 13.8 14.2 13.2 14.5 13.5 13.8
Mean levels
TAN (mg/L) 2.70 ± 0.07 1.15 ± 0.05 0.82 ± 0.03 0.77 ± 0.05 0.31 ± 0.02 0.86 ± 0.04 1.21 ± 0.04 1.42 ± 0.05
NH3–N (mg/L) 0.011 ± 0.001 0.0076 ± 0.0003 0.0072 ± 0.0003 0.0056 ± 0.0004 0.0049 ± 0.0002 0.0090 ± 0.0003 0.0115 ± 0.0004 0.0105 ± 0.0004
CO2 (mg/L) 27 ± 1 14 ± 0.3 14 ± 0.2 17 ± 0.2 8 ± 0.2 13 ± 0.3 13 ± 0.3 18 ± 0.8
NO2–N (mg/L) 0.27 ± 0.025 0.087 ± 0.006 0.076 ± 0.010 0.058 ± 0.013 0.031 ± 0.004 0.1131 ± 0.0211 0.071 ± 0.004 0.111 ± 0.017
pH 7.25 ± 0.02 7.60 ± 0.01 7.58 ± 0.01 7.51 ± 0.01 7.86 ± 0.01 7.64 ± 0.01 7.63 ± 0.01 7.50 ± 0.02
TSS (mg/L) 3.1 ± 0.2 2.3 ± 0.1 0.8 ± 0.1 1.2 ± 0.2 NA 2.2 ± 0.3 2.4 ± 0.1 2.3 ± 0.3
O2 (mg/L) 10.4 ± 0.2 10.6 ± 0.1 10.1 ± 0.1 9.5 ± 0.1 9.8 ± 0.1 10.3 ± 0.1 10.7 ± 0.1 10.1 ± 0.1
Temp (◦C) 12.7 ± 0.0 13.6 ± 0.1 13.2 ± 0.0 13.2 ± 0.1 12.6 ± 0.1 13.8 ± 0.1 12.7 ± 0.0 13.4 ± 0.0
Minimum levels
TAN (mg/L) 1.71 0.48 0.37 0.14 0.07 0.30 0.21 0.98
NH3–N (mg/L) 0.0062 0.0032 0.0033 0.0011 0.0013 0.0040 0.0028 0.0075
CO2 (mg/L) 19 11 11 13 4 10 9 13
NO2–N (mg/L) 0.065 0.012 0.005 0.004 0.005 0.004 0.022 0.007
pH 6.99 7.47 7.50 7.40 7.65 7.51 7.56 7.40
TSS (mg/L) 0.65 0.88 0.35 0.41 NA 1.02 1.00 0.79
O2 (mg/L) 8.0 8.6 9.1 8.5 8.9 8.0 8.5 8.6
Temp (◦C) 12.2 12.9 12.9 12.7 11.8 13.4 12.2 12.9
Two cohorts of rainbow trout (899RBT and 0303RBT), five cohorts of Arctic char (1199NCH, 0500NCH, 1200NTR, 0601NTR, 1101NTR), and one cohort of brook trout × Arctic char hybrid
(0102BCH) were cultured within the partial-reuse system during this study. The make-up water contained practically zero TAN and NO2–N.
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condition is sometimes referred to as brown blood disease (Russo and Thurston, 1991). No
brown blood disease was detected during routine fish health exams.
Water quality was maintained during periods of maximum feed loading by increasing
the proportion of make-up water flow added to the system to dilute TAN and NO2–N
accumulations, as well as by running the fan on the cascade column non-stop and by
operating the recirculating system on all three pumps to increase the stripping of dissolved
CO2. The first cohort of rainbow trout experienced higher maximum levels of CO2 (i.e.,
as high as 40 mg/L) when the packing support screen fouled with biofilm that had sheared
out of the vertically oriented tubular NORPAC and created water flooding just above the
packing support screen and reduced air flow through the column. We determined that the
original low-pressure, high-volume fan provided insufficient motive force to overcome this
back-pressure. Therefore, before the next cohort was stocked into the partial-reuse system,
a more suitable 1/3 hp fan (described in Section 2 above) was installed to deliver air against
back pressures of up to 10 cm static water head. However, the maximum air back pressure
measured was only 2.5 cm of water head.
Fish swam at approximately the same rate as the water rotated about the center of each cul-
ture tank, which ranged from a high of 11–14 cm/s at the tank wall to a low of approximately
4–8 cm/s near the tank center. Thus, fish swam at speeds that were approximately 1–1.5
body length per second, but this varied depending upon tank location and fish size. Rainbow
trout and Arctic char that swim at speeds of≤1.5 bl/s have been shown to exhibit improved
growth rate and food conversion efficiencies (Davison, 1997). Therefore, the circular tanks
with their adjustable water inlet nozzles were able to provide a rotating water flow that
could be adjusted to near the ideal swimming speed for rainbow trout and Arctic char.
The two cohorts of rainbow trout (i.e., 0899RBT and 0303RBT), one cohort of all female
brook trout × Arctic char hybrid (i.e., 0102BCH), and one cohort of Yukon Gold Tree
River × Nauyuk strain Arctic char (i.e., 1200NTR) grew well within the partial-reuse
system (Fig. 6 and Table 2), primarily because these fish did not experience the periods
of reduced feeding and mortality that occurred with the pure Arctic char. Feed conversion
rates ranged from 1.0 to 1.3, SGR’s ranged from 1.32 to 2.45% body weight per day, and
TGC’s ranged from 0.00132 to 0.00218 (Table 2). Cho (1992) reports TGC’s for rainbow
trout of 0.00153–0.00174, which are similar to or less than the TGC’s calculated for the
two cohorts of rainbow trout produced in this study, i.e., 0.00152 and 0.00218.
Recurring outbreaks of respiratory disease associated with a gram(−) intracellular bacte-
ria with characteristics of chlamydial and/or rickettsial species produced some fish mortality
(Table 2) and reduced feeding rates in the cohorts of Arctic char (Bebak-Williams, 2001), but
not in the two cohorts of rainbow trout and the one cohort of hybrid brook trout×Arctic char.
Except for an occasional sodium chloride treatment, fish were not treated with chemo-
prophylactics during this study. However, a licensed veterinarian twice prescribed defined
periods of oxytetracycline (Terramycin) medicated feed to treat the gram(−) intracellular
bacteria infection of the Arctic char gills. No clinical improvement resulted from these
treatments, either because the bacteria was refractory to the antibiotic, dose and/or duration
used or because the fish were not feeding normally.
When a cohort of fish experienced no health problems, the partial-reuse system produced
35–45 kg per year of fish for every 1 L/min of make-up water, which is approximately
six to seven times greater than the typical 6 kg of trout produced for every 1 L/min of
S.T. Summerfelt et al. / Aquacultural Engineering 31 (2004) 157–181 173
Fig. 6. Growth of two cohorts of rainbow trout (0899RBT and 0303RBT), five cohorts of Arctic char (1199NCH,
0500NCH, 1200NTR, 0601NTR, 1101NTR), and one cohort of brook trout × Arctic char hybrid (0102BCH)
within the partial-reuse system.
water in Idaho serial-reuse raceway systems (Table 4). The increased production per unit
of make-up water flow achieved within this partial-reuse system did not compromise wa-
ter quality in the fish-culture units. Also, the partial-reuse system achieved much better
waste capture efficiencies than have been reported for serial-reuse raceway systems (see
Section 3.5). However, unlike fish culture in serial-reuse raceways, where water flows by
gravity, operating the partial-reuse system requires pumping water, a fan to force-ventilate
the cascade aeration column, a motor to turn the microscreen drum filter, and a relatively
small but high-pressure backwash system for the drum filter. Operating the partial-reuse
system required a total of 49,700 kWh of electricity annually (Table 5), or approximately
US$ 2490 annually, assuming electricity costs US$ 0.05 kWh−1. The model partial-reuse
Table 4
Water use requirements, recirculation rate, and waste capture efficiencies reported for intensive coldwater
fish-culture systems (after Chen et al., 2002)
Annual production
(kg per year),
make- up water
required (L/min)
Recirculation
rate on a flow
basis (%)
Overall
particulate
capture (%)
Reference
Single pass systems 0.8–1.4 kg per year per
1 L/min
NA NR Pillay (1982)
9.7 kg per year per 1 L/min NA NR Alabaster (1982)
Serial-reuse systems 6 kg per year per 1 L/min NA NR MacMillan (1992)
– NA 25–50% Mudrak (1981)
Partial-reuse systems 35–45 kg per year per
1 L/min
80–85% 80% Present study
Fully-recirculating
systems
160 kg per year per 1 L/min 94% 95% Heinen et al. (1996)
NR, not reported; NA, not applicable.
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Table 5
Energy required to operate the model partial-reuse system
Line power
(kW)
Duty
(% use)
Annual energy
(kWh)
Annual energy
cost (US$)
Recirc pump #1 2.1 100 18,400 920
Recirc pump #2 2.1 100 18,400 920
Recirc pump #3 2.1 40 7,360 370
Aeration column fan 0.5 75 3,300 170
Drum filter motor 0.7 20 1,200 60
Pressure backwash pump 2.3 5 1,000 50
Total 49,700 2,490
The cost of energy was assumed to be US$ 0.05 kWh−1.
system was shown to be capable of producing 11,000–17,000 kg of rainbow trout annually.
Therefore, electric power costs were approximately US$ 0.13–0.22 kg−1 fish produced. The
partial-reuse system also required approximately 2–3 h per week for routine cleaning and
3–5 h per week for removing dead fish or culls, filling and calibrating the fish feeders, and
servicing the dissolved O2 and pH probes.
The ratio of annual fish production (P, kg per year) to maximum standing crop of biomass
held in the system (B, kg) ranged from 6.5:1 to 2.4:1 per year (Table 2), with the lower P:B
corresponding to cohorts that were most influenced by the respiratory disease. The annual
P:B provides an indication of system performance, because it clearly delineates that which
generates income (P) from that which generates costs (B), without reference to system
design or unit process choice (Hankins et al., 1995). The P:B is completely dependent on
fish growth rate and how effectively the system can be maintained near its carrying capacity
throughout the year. Although little literature information is available, an annual P:B of
6.5:1 per year is outstanding, while a P:B of greater than 3:1 per year is still quite good
for a sequential batch production strategy (Summerfelt et al., 1993). The sequential batch
production strategy that was used in the partial-reuse system evaluation only reached the
biomass capacity of the system when the fish were approaching harvest size, whereas, a
concurrent mixed-stocking and graded harvest strategy would sustain production at near
carrying capacity biomass throughout the year and maximize the system’s P:B (Summerfelt
et al., 1993). Therefore, the P:B values that were achieved were what we would expect for
rainbow trout cultured using a sequential batch strategy.
Qualitatively, fin condition was thought to be good or excellent for all cohorts of Arctic
char, even when maintained at densities greater than 100 kg/m3. However, fin condition
was thought to be only fair or poor in rainbow trout cultured at densities exceeding about
100 kg/m3 (0.8 lb/gal).
3.2. Control of total recirculating flow and dissolved O2 concentrations
The partial-reuse system was operated on a total recirculating flow that was set as low as
1150 L/min at the time of cohort stocking, when fish densities were relatively low. However,
as the fish densities and feeding rates increased, the total recirculating flow was increased
to a maximum of approximately 1860 L/min to increase the mass of dissolved O2 supplied
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to the culture tanks. The recirculating flow was sufficient to replace the culture tank volume
approximately once every 15–26 min, depending upon the culture tank operating depth.
Mean culture tank dissolved O2 concentrations were maintained between 9.5 and 10.7 mg/L
for each cohort of fish (Table 3) by manually increasing the O2 gas flow supplied to the
LHO unit as fish densities and feeding rates increased in the system. Thus, a relatively con-
stant (approximately 10 mg/L) dissolved O2 concentration was maintained in the culture
tanks (Table 3), even as the overall dissolved O2 consumption rate was increasing in each
culture tank. The dissolved O2 consumption (i.e., DO inlet concentration subtract DO out-
let concentration) across each culture tank increased from approximately 3–4 mg/L at the
time of stocking to as high as 13.4 mg/L (Table 2), which corresponded with the maximum
feed loading on the system. To meet this O2 demand, the concentration of dissolved O2
transferred into the water as it flowed through the LHO to the culture tanks was on occasion
pushed as high as 24 mg/L, but at a significant loss in O2 transfer efficiency, i.e., O2 transfer
was≤50% when the LHO units produced the maximum outlet dissolved O2 concentrations.
However, at the end of each cohort production cycle in the partial-reuse system, the mean
inlet dissolved O2 concentration supplied to each culture tank typically ranged from 15.8
to 21.9 mg/L rates (Table 2), depending upon final cohort densities and feeding levels.
The O2 control system (described in Section 2)—in conjunction with manually adjusted
water and O2 flows—was critical for maintaining safe dissolved O2 concentrations within
each culture tank, especially during emergency pump failure conditions.
Other factors that were used to reduce the magnitude of dissolved O2 fluctuation—created
when fish were stressed or feeding heavily—were the rapid culture tank hydraulic exchange
rate (i.e., a culture volume exchange every 15–26 min) and the use of a constant and contin-
uous photoperiod and a 24 h feeding regimen (i.e., one feeding event every 2 or 3 h). Of note,
sudden transitions between darkness and light were observed to stress the fish (especially
the Arctic char) when a short or long-term power outage caused the high-bay metal halide
light system to shut off (and then come back on). Gulbrandsen (1994) has also reported
that rapid changes in light can stress Arctic char and other salmonids. In addition, the fish
appeared to be stressed by loud noises, e.g., hammering, drilling, and sawing noises, that
were on occasion created by construction projects within the same room. Bart et al. (2001)
reported that subjecting juvenile or adult fish to high levels of chronic and or acute noise
levels could stress fish and adversely affect their health and well being.
3.3. Control of make-up water flow and the accumulation of TAN
In fully-recirculating systems, nitrification is desired because nitrate is much less toxic to
fish than either NH3–N or NO2–N. However, by definition, partial-reuse systems do not con-
tain a dedicated biofilter and TAN accumulations are controlled simply with make-up water
exchange. Nitrification within a partial-reuse system is limited to only those surfaces where
the autotrophic bacteria can attach and remain within the system, e.g., the wetted surfaces
of pipes, tanks, and the tubular packing within the stripping column. Consequently, TAN
is the main form of dissolved nitrogen found within and discharged from the partial-reuse
system studied, with only small amounts of NO2–N produced (Table 3). Overall all co-
horts, the mean and maximum TAN concentrations ranged from 0.3 to 2.7 mg/L and 0.7 to
3.7 mg/L, respectively (Table 3). TAN concentrations were allowed to accumulate the most
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during culture of the first cohort, i.e., the Kamloop rainbow trout (0899RBT), in order to
determine how the partial-reuse system would perform at maximum loading. The NO2–N
that did accumulate ranged from a mean of 0.03–0.27 mg/L for all cohorts (Table 3), which
indicates that the little nitrification that did occur was incomplete.
When each cohort of fish was stocked into the partial-reuse system, the total make-up
flow was set at approximately 200 L/min. However, as the fish feeding rates increased,
the make-up water flow was increased to a maximum of 385 L/min to increase the TAN
dilution rate. Over all of the cohorts, the mean system make-up water flow ranged from
214 to 385 L/min, which was 14–21% of the total system flow (Table 2). The make-up
water was sufficient to replace the entire system volume (∼37 m3) approximately once
every 1.6–2.9 h. A pH control system was also used to minimize NH3–N concentrations,
as discussed in Section 3.4 (below). The combination of both make-up water flow adjust-
ment and pH control always maintained NH3–N concentrations at less than 0.02 mg/L, and
usually less than 0.0125 mg/L (Table 3). Salmonid fishes require an NH3–N concentra-
tion of ≤0.0125–0.03 mg/L, according to reviews by Noble and Summerfelt (1996) and
Wedemeyer (1996).
3.4. CO2 control
Dissolved CO2 is a by-product of fish respiration and CO2 production is proportional
to the O2 respiration rate (Kutty, 1968), with approximately 13–14 mg/L of CO2 excreted
through fish gills for every 10 mg/L of dissolved O2 consumed. Because dissolved CO2
production parallels dissolved O2 consumption, shifts in dissolved CO2 concentrations
can be quite rapid and peaks in dissolved CO2 concentrations directly follow periods of
peak O2 consumption (Kutty, 1968). Depending upon cohort, fish removed a maximum of
6.0–13.4 mg/L of dissolved O2 from the water each pass through the culture tanks when
fed at maximum levels (Table 2). This would correspond to a dissolved CO2 production of
8.2–18.4 mg/L each pass through the culture tank when fed at maximum levels and ignoring
chemical equilibrium.
The mean and maximum concentrations of dissolved CO2 within the culture tanks ranged
from 13 to 18 mg/L and 14 to 23 mg/L, respectively, for all cohorts except for the first cohort
of rainbow trout (Table 3). As mentioned earlier in this paper, the first cohort of rainbow trout
(i.e., cohort 0899RBT) experienced higher mean and maximum concentrations of CO2 (i.e.,
as high as 27 and 40 mg/L, respectively) when the packing support screen became fouled and
limited air flow through the cascade aeration column. However, this problem was corrected
before the next cohort was stocked into the partial-reuse system.
The Bohr effect begins to impair oxygen transport when dissolved CO2 concentrations
in the water rise to 20 mg/L (Wedemeyer, 1996). However, the 20 mg/L recommended safe
level for salmonid culture may be conservative if dissolved O2 concentrations are near or
greater than saturation (Colt et al., 1991) or if the alkalinity of the water is relatively high.
The buffering capacity of blood may enable fish cultured in more alkaline waters to toler-
ate higher concentrations of dissolved CO2 (Schauperclaus, 1991; Fivelstad et al., 1999).
Danley (2001) reported that rainbow trout cultured under elevated CO2 concentrations (34.5
and 48.7 mg/L) in the same highly alkaline (i.e., alkalinity of 250 mg/L as CaCO3) spring
water supply used during this partial-reuse system study exhibited significantly decreased
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specific growth rates and lower condition factors than fish reared at 22.1 mg/L CO2, al-
though survival remained at or close to 100% for all treatment groups. Fivelstad et al.
(1999) reported that growth of Atlantic salmon smolt was not significantly different in
separate groups of fish raised at 7, 19, and 32 mg/L in bicarbonate rich freshwater.
In order to minimize any possible negative effects of elevated CO2 concentrations in
the study reported herein, dissolved O2 concentrations were maintained at approximately
90–110% of saturation and the concentration of alkalinity was approximately 250 mg/L (as
CaCO3) due to the high levels in the spring water source. Probably for these reasons, clinical
signs of a CO2 problem—including moribund fish, gaping mouths, flared operculums,
and extra-bright maraschino-red gill lamella (Noble and Summerfelt, 1996)—were never
observed in the fish cultured during these studies.
The counter-current forced-ventilation cascade aeration column and pH control unit were
successful limiting accumulations of dissolved CO2 in the partial-reuse systems. When the
pH monitored in the culture tank decreased below a set point of 7.5, the pH controller turned
the blower ‘on’ to force-ventilate the counter-current cascade aeration column. Stripping
dissolved CO2 then increased pH levels in the water as the total carbonate content of the
water decreased. The pH controller turned the blower ‘off’ after the pH had risen to 7.55,
which prevented the pH from increasing to a point where unsafe concentrations of NH3–N
could result. In this manner, the amount of CO2 stripped from the water was balanced against
the amount of CO2 produced by the fish, which created an effective form of pH control
within a relatively limited pH range. We found that continuous fan operation at a relatively
low feed loading on the system actually shifted the water’s pH too high (approaching a pH
of 8.0) and produced heavy limestone scale formation due to the hard water found at the
CFFI. In contrast, when feed loading approached its maximum, continuous operation of the
cascade column fan was necessary to maximize dissolved CO2 removal to maintain safe
dissolved CO2 concentrations within the culture tanks.
3.5. Solids control
The ‘Cornell-type’ dual-drain tank was found to rapidly and gently concentrate and
rapidly flush through the tank’s bottom-center drain approximately 68–88% (79% overall
average) of the TSS produced daily (Table 6). This discharge leaving the system amounted
to only 12–18% of the tank’s total water flow, but this bottom flow flushed the majority of
particles from the system within only 1–2 min of their deposition into the culture tank (data
not shown). The other major source of solids discharge from the partial-reuse system, the
system’s drum filter backwash, only contained 10–25% (19% overall average) of the daily
TSS produced (Table 6). The water overflowing the pump sump contained only 1–3% (2%
overall average) of the daily solids produced (Table 6).
Solids fractionation within the culture tank was extremely effective. The average TSS
concentration discharged through the three culture tanks’ bottom-center drains (17.1 mg/L
overall) was 8.7 times greater than the total suspended solids concentration discharged
through the three culture tanks’ side-wall drains (2.2 mg/L) (Table 6). After treatment across
the system’s drum filter and addition of the make-up water, the recirculating flow returning
to the culture tanks only contained an average of 1.5 mg/L of total suspended solids (Table 6).
The make-up water to the system typically only contained 0.5 mg/L of TSS, so the TSS
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Table 6
The average concentration (±standard error) and mass of total suspended solids (TSS) at key points within the partial-reuse system for all but three of the cohorts, plus
the overall average for these cohorts
Mean concentrations 0899RBT 1199NCH 0500NCH 0102BCH 0303RBT OVERALL
Drum filter outlet TSS (mg/L) 1.41 ± 0.11 1.67 ± 0.12 0.57 ± 0.06 1.77 ± 0.11 1.87 ± 0.34 1.5
Culture tank inlet TSS (mg/L) 1.84 ± 0.20 1.86 ± 0.12 0.56 ± 0.05 1.79 ± 0.14 1.24 ± 0.16 1.5
Make-up water TSS (mg/L) ∼0.4 ∼0.4 0.30 ± 0.08 0.59 ± 0.06 0.56 ± 0.06 0.5
Bottom drain TSS (mg/L) 28.7 ± 2.81 16.82 ± 1.51 11.60 ± 1.51 9.06 ± 0.87 19.21 ± 1.41 17.1
Side drain TSS (mg/L) 3.07 ± 0.17 2.26 ± 0.13 0.80 ± 0.05 2.41 ± 0.14 2.32 ± 0.25 2.2
Bottom drain TSS/side drain TSS 9.3 7.4 14.5 3.8 8.3 8.7
Mean water flows
Flow of make-up water (L/min) 313 256 217 288 385 292
Flow to drum filter (L/min) 1444 1296 1323 1390 1470 1385
Total flow to culture tanks (L/min) 1757 1552 1540 1,678 1,855 1676
TSS Mass Balance
Mass of TSS exiting bottom drain
(kg per day)
10.3 5.0 2.9 3.0 8.5 5.9
Mass of TSS exiting side-wall drain
(kg per day)
6.4 4.2 1.5 4.8 4.9 4.4
Mass of TSS removed by drum filter
(kg per day)
3.5 1.1 0.4 1.3 1.0 1.4
Mass of TSS exiting pump sump
(kg per day)
0.1 0.1 0.0 0.1 0.2 0.1
Mass of TSS entering w/make-up water
(kg per day)
0.2 0.1 0.1 0.2 0.3 0.2
Mass of TSS exiting tank bottom drain
w/respect to total mass exiting tank (%)
61.8 54.0 65.5 38.4 63.4 56.7
Mass TSS removed from system through
bottom drain (%)
74.3 80.2 86.0 67.8 88.0 79.3
Mass TSS removed from system in drum
filter backwash (%)
24.8 17.8 13.0 28.9 9.8 18.9
Mass TSS overflowing pump sump (%) 0.9 2.0 1.1 3.3 2.1 1.9
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concentration of the water entering the culture tanks was almost as good as the site’s spring
water supply.
In this study, the flow discharged from the tank’s bottom-center drain was treated outside
of the partial-reuse system using a commercial microscreen filter. Summerfelt et al. (2001)
reports an empirical relationship between microscreen drum filter capture efficiency and the
unit’s inlet TSS concentration, that estimates approximately 79% of the TSS in the bottom
discharge would be captured using microscreen filtration. Therefore, an average of only
3.6 mg/L TSS would be discharged with the bottom flow after drum filter treatment outside
of the partial-reuse system. An average of 1.5 mg/L TSS was discharged from the untreated
pump sump overflow. Also, an off-line settling tank was found to capture 97% of the TSS
in the drum filter backwash flow (CFFI, unpublished data). Taken together, approximately
82% of all of the TSS produced in the partial-reuse system was captured in an off-line
settling tank. This 82% TSS capture efficiency was much greater than could be captured
from typical raceways operations, which Mudrak (1981) reported to be only 25–51% TSS
capture efficiency from a facility containing quiescent zones and off-line settling ponds.
Also, because of its relatively small size, the discharge from a partial-reuse system could
be treated with an even finer microscreen filter, or even with some combination of settling
tanks, wetlands, or sand filters if stringent state or federal discharge regulations required
additional treatment.
3.6. Temperature control
Water temperatures in the partial-reuse system were nearly constant during this study,
and ranged from 12.2 to 14.5 ◦C (Table 3). However, for a given cohort, the minimum
and maximum water temperatures in the partial-reuse system only differed by 0.9–1.5 ◦C.
The relatively constant make-up water temperature and the relatively high make-up water
exchange rate minimized variations in system water temperature. No heating or cooling
system was used to maintain temperatures within the partial-reuse system, outside of the
cooling provided by the make-up water exchange, the surrounding building insulation, and
the evaporative cooling within the cascade aeration column. On average, water temperatures
in the partial-reuse system were 0.0–0.7 ◦C above the make-up water temperature (Table 3).
The maximum difference in temperature between the water in the partial-reuse system and
the make-up water was 1.3 ◦C (Table 3).
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